We studied the metabolic fate of bromacil in anaerobic aquifer slurries held under denitrifying, sulfatereducing, or methanogenic conditions. Liquid chromatograhy-mass spectrometry of the slurries confirmed that bromacil was debrominated under methanogenic conditions but was not degraded under the other incubation conditions. This finding extends the range of aryl reductive dehalogenation reactions to include nitrogen heterocyclic compounds.
The metabolic fate of heterocyclic chemicals under anaerobic conditions is almost completely unknown (2) . Heterocyclic compounds are in widespread use and have been found in terrestrial subsurface environments (lOa). One example is bromacil (5-bromo-3-sec-butyl-6-methyluracil), a brominated nitrogen heterocyclic herbicide intended for noncropland use (12) . It is moderately to highly mobile in soil (13) and is generally more resistant to microbial degradation than are many other herbicides (3) . It has been shown to leach through soil (7) and has contaminated groundwater supplies (4) . Although the aerobic fate of bromacil has been investigated (3) , its anaerobic fate is unknown.
Our objective was to determine whether bromacil could be degraded by the microflora present in anoxic aquifer slurries that remained unamended or were amended with nitrate or sulfate to stimulate denitrification and sulfate reduction, respectively. We found that under methanogenic conditions bromacil was transformed to 3-sec-butyl-6-methyluracil. To our knowledge, this is the first report of a biological reductive dehalogenation of a heterocyclic compound.
Technical-grade bromacil (95.5% purity) was provided by E. I. du Pont de Nemours & Co. A stock solution of the herbicide was made in diethyl ether and aseptically added to sterile 160-ml serum bottles. The ether was allowed to evaporate before the serum bottles were transferred to an anaerobic glove box. Aquifer sediments and groundwater were collected as previously described (5) from a wellcharacterized methanogenic site (1) that was contaminated by leachate from a municipal landfill. The sediment (50 g) and groundwater (75 ml) were aseptically added to the bottles to make aquifer slurries. The desired initial concentration of bromacil in the bottles was 280 puM. Autoclaved aquifer slurries were similarly transferred to serum bottles containing bromacil and served as negative controls. When required, serum bottles were amended with autoclaved solutions of NaNO3 or Na2SO4 to an initial concentration of 15 or 22 mM, respectively. Sterile Na2S was added to all serum bottles to an initial concentration of 1 mM; this ensured reducing conditions. Filter-sterilized resazurin (0.0001%) was added to the bottles as a redox indicator. Before being removed from the glove box, all the bottles * Corresponding author.
were sealed with sterile 1-cm-thick butyl rubber septa, which were held in place with aluminum seals. The headspace atmosphere of the bottles was adjusted to 80% N2-20% CO2 at the start of the experiment. The pH of the aquifer slurries at the beginning of the experiment was 7.6. All the bottles were incubated at room temperature and in the dark. Samples (3 ml) of the slurries were taken at monthly intervals and stored at -10°C prior to analysis. Samples were analyzed for bromacil by high-pressure liquid chromatography (HPLC) as previously described (5) . The HPLC mobile phase (1.5 ml/min) was a 40:60 mixture of acetonitrile-50 mM phosphate buffer (pH 2.5). Bromacil was monitored by UV A270.
Liquid chromatography revealed a rapid loss of bromacil from the methanogenic aquifer slurries (Fig. 1) . Coincident with the disappearance of bromacil was the appearance of a more polar compound with a shorter HPLC retention time (Fig. 2) . The concentration of this more polar compound increased with time ( Fig. 1) . This compound was not detected in active slurries at the beginning of the experiment or in controls without bromacil. However, traces appeared in HPLC chromatograms of the sterile controls at the end of the experiment (Fig. 2) . Presumably, this reflects the amount of bromacil that can be abiotically transformed in these incubation systems. No significant degradation of bromacil or production of metabolite compounds was observed during the same time frame when the aquifer slurries were incubated under either nitrate-reducing or sulfate-reducing conditions. However, traces of the more polar compound were observed in both the sterile controls and active slurries incubated under sulfate-reducing conditions, although they were observed only in sterile controls incubated under nitrate-reducing conditions.
The presumed metabolite was isolated by HPLC, but the mobile-phase buffer was changed to 100 mM ammonium acetate (pH 4.5). Appropriate fractions of HPLC effluent were collected and rechromatographed to verify metabolite purity. The Unlike the parent substrate, the metabolite molecular ion peak did not exhibit a bromine isotopic abundance pattern. The only compound consistent with these mass-spectral features is 3-sec-butyl-6-methyluracil (molecular weight 182). A qualitative standard of this compound was also provided by du Pont and was found to cochromatograph with the metabolite. The chromatographic area associated with the authentic material indicated that the metabolite represented a major bromacil transformation product. These findings confirmed that bromacil was reductively debrominated in the methanogenic aquifer slurries.
These findings were somewhat surprising, since the most frequently reported fate for halogenated nitrogen heterocyclic compounds involves hydrolytic cleavage of the aryl halide (10, 11) . Indeed, it had been suggested that the first step in bromacil degradation in soil is conversion to its hydroxy analog (14) . In addition, prior to our study, aryl reductive dehalogenation had been observed only with homocyclic aromatic compounds (10) . However, if bromacil were hydrolytically dehalogenated, the resulting product would be 3-sec-butyl-5-hydroxy-6-methyluracil (molecular weight 198). This compound would exhibit thermospray mass spectral features at m/z 199 (M + H)+ and mlz 216 (M + NH4)+, but no compound with such features could be demonstrated.
It is interesting to compare the fate of bromacil with that of another important halogenated nitrogen heterocyclic herbicide, atrazine. The lowest bond energy contained in both molecules is the carbon-halogen bond. The C-Cl bond in atrazine has a bond energy of 328.6 kJ, whereas the C-Br bond of bromacil has an energy of 275.9 kJ (14) . postulated that the primary step in atrazine and bromacil degradation in soil involved a hydrolytic dehalogenation reaction (14) , and numerous reports show that atrazine can be converted to its hydroxy analog (10) . The hydroxy analog is degraded in submerged soils (9) and in submerged soils held under a N2 atmosphere (6) . Atrazine apparently is not degraded in submerged soils held under a N2 atmosphere (9) , although it may be utilized as a carbon and energy source by a facultatively anaerobic bacterium grown anaerobically in a defined medium (8) 
